This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial-NoDerivs 3.0 License (www.karger.com/OA-license), applicable to the online version of the article only. Distribution for non-commercial purposes only. Einthoven used the much more sensitive string galvanometer and was awarded Nobel Price in Medicine for this discovery. Though the physical principles of that era are still in use, there have been many advances but also challenges in cardiac electrophysiology over the last decades. One challenge is to record electrocardiograms of rather small animals such as mice and even smaller organisms such as their embryos. As mice belong to the most routinely used laboratory animals it is important to better understand their physiology and specific diseases. We therefore aimed to study whether it is feasible to measure electrical activities of embryonic mouse hearts. Methods and Results: For our studies we used substrate-integrated Microelectrode Arrays combined with newly developed stimulation electrodes to perform electrophysiological studies in these hearts. The system enabled us to perform ECG-like recordings with atrio-ventricular (anterograde) and ventriculo-atrial (retrograde) stimulation. The functional separation of atria and ventricles, indicated by a stable atrio-ventricular conduction time, occurred clearly earlier than the morphological separation. Electrical stimulation induced a reversible prolongation of the anterograde and retrograde conduction up to atrio-ventricular conduction blocks at higher frequencies. Conclusion: These results yield new insight into functional aspects of murine cardiac development, and may help as a new diagnostic tool to uncover the functional and electrophysiological background of embryonic cardiac phenotypes of genetically altered mice.
A New Model to Perform Electrophysiological Studies in the Early Embryonic Mouse Heart

Introduction
Rhythmical beating of the adult heart is based on coordinated electrical waves initiated and conducted by specialized cells of the cardiac conduction system. Electrical activity arises spontaneously in the sinoatrial node, is conducted through the atrial tissue and then reaches the ventricular working myocardium via a specialized atrioventricular (AV)-conduction system.
Arrhythmogenesis and alterations of the physiological initiation and conduction of electrical signals are believed to originate in the very early stages of embryonic cardiogenesis [1] . Previous studies demonstrated that anatomical alterations in the developing cardiac conduction system can result in life-threatening arrhythmias [2] . However, largely due to technical limitations little is known about embryonic cardiac physiology. This study presents a new methodology to circumvent these challenges.
Microelectrode Arrays (MEAs) were originally developed for electrophysiologcial studies in brain slices but enabled us also to study extracellular electrical activity of cardiac tissue with high temporal and spatial resolution. Recent studies from our group demonstrated its feasibility for studying electrophysiology in human and rhesus monkey embryonic stem cell-derived cardiac clusters [3] [4] [5] . Measurement of extracellularly recorded field potentials (FPs) , that similarly to the ECG result from the sum of electrical signals of all cells in the surrounding of the specific MEA electrode, hereby especially provides detailed information about the origin and spread of excitation in heart tissue. Additionally, the system measures the speed of the excitation spread and detects arrhythmias [6, 7] . Consequently, the MEA system forms a subtle experimental methodology to study the electrophysiology of embryonic whole mount hearts.
In the developmental process heart formation starts with the design of a primary heart tube, which is separated into the inflow-tract, the AV-channel and the outflow-tract. As described by Moorman et al. this heart tube works like a peristaltic pump, slowly pressing the blood from one end of the heart tube to the other [8] . Around developmental day E10.5 atrial and ventricular chambers develop within this tube. These chambers consist of fast conducting myocardium and contract simultaneously. Connected with the morphological development is the maturation of the cardiac conduction system. First signs of this system, that derives from the embryonic working myocardium through largely unidentified mechanisms [9] , can be detected at E8.5. By E9.5 precursors of the sinusnode, the AV-node and the ventricular conduction system can be morphologically visualized [10] . It is assumed, that the AV-node is formed by a subpopulation of primary myocardium from the atrioventricular-channel that is inhibited from further maturation into working myocardium [8, 11, 12] .
The present study aimed at studying whether it is feasible to measure electrical activities of embryonic mouse hearts and to functionally characterize the developing cardiac conduction system. To our knowledge this is the first study about ECG-like recordings of embryonic mouse hearts. We used hearts of two distinct developmental stages: tubular-like VEDS hearts (very early developmental stage, E8.5) and four-chambered EDS hearts (early developmental stage E10.5-E11.0).
Our results show, that in clear contrast to the morphological separation of atria and ventricles, that occurs around E10.5, functional separation was visible around E9.0 by emerging atrial and ventricular FPs with a distinctive ECG-like FP morphology and a fixed AV-conduction time. Moreover, electrical pacing -performed for analysis of the electrophysiological conduction properties-induced significant and reversible prolongation of AV-and VA-conduction at higher stimulation frequencies and led to frequency-dependent AV-blocks known to occur in humans.
FP recordings using MEAs
After plating and attachment of spontaneously beating embryonic hearts on MEAs, extracellular recording was performed using the MEA data acquisition system (Multi Channel Systems, Reutlingen, Germany, Fig. 1A) . A standard MEA culture dish contains 60 titanium nitride-coated gold electrodes (30 µm diameter) arranged in an 8x8 electrode grid with an inter-electrode distance of 200 µm. The signal recorded with one of the extracellular electrodes reflects local changes of the membrane potential. Also currents such as voltage-dependent currents and passive capacitive currents that are generated by electrically connected neighboring tissue contribute to the FP morphology [16, 17] . The amplifier system allows to simultane- ously recording FPs from all electrodes at a sampling rate of 1 to 50 kHz. Standard measurements were performed at 5 kHz (bandwidth 1-5 kHz) in standard Tyrode's solution. The extracellular solution contained (in mmol/L): 135 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, adjusted to pH 7.4 (NaOH). During recordings, temperature was kept at 37.0 °C. Data were analyzed off-line with a customized toolbox programmed with MATLAB (Mathworks, Natick, Mass, USA) [18] . In line with the observation of spontaneous and regular beating, FPs were found to be regular and similar in shape (Fig. 2) .
All electrodes of the MEA culture dish can in principle be used for recording and electrical stimulation. Nevertheless, since stimulation requires optimal contact between electrode and tissue, we decided to apply external stimulation algorithms that can easily be applied via movable stimulation electrodes and the external stimulator.
Electrical Pacing Embryonic hearts were tested for effects of electrical excitation applying acute external electrical pulses via custom made stimulation electrodes that were produced from two epoxy casting resin-coated V2a leads (1.4 301; diameter 40 µm) with an inter-lead distance of approximately 50-100 µm (Fig. 1C) . No long-term measurements of effects of electrical stimulation itself on cardiac development were performed. Stimulation electrodes were connected to a square wave physiological stimulator (SD9, Grass Instrument Co., Quincy, MA) and placed on the heart using a Narashigi micromanipulator under microscopical control. For standard recordings untriggered ECGs were documented first. Afterwards anterograde and retrograde stimulation was performed placing the pacing electrode on the right atrium and left ventricle, respectively. The pacing frequency was set 10% above the untriggered heart rate to determine pacing thresholds that were analyzed in 0.5 V steps. For continuous recordings voltages 50% above threshold were used and the stimulator was adjusted to pulse duration of 10 ms and a slow frequency pattern of 0.5 Hz above the untriggered heart rate. According to the protocol shown in Fig. 1D pacing was performed for 30 sec intervals followed by untriggered intervals of identical length taken as control. The bipolar stimulation electrode resulted in recordings with low artificial signals (Fig. 1F) .
ECG parameters
Due to the typical ECG-like shape of MEA recordings (Fig. 1E) 
Statistical Analysis
Data are presented as mean±sem. For statistical analysis one or two tailed student's t-test were used where applicable. Statistical significance was set at p<0.05. Table 1 . ECG parameters of EDS hearts before, during, and after external electrical pacing of the atria. Note the prolongation of AV-conduction during stimulation with self-recovery post stimulation. Data are displayed as means±sem.
Results
The murine embryonic ECG For our studies on the evolution of the murine embryonic ECG we used hearts of two distinct developmental stages: tubular-like VEDS (embryonic day E8.5) hearts with a size of 0.75±0.02 mm (n=10) as well as four-chambered EDS hearts (E10.5-E11.0), which were with 1.4±0.03 mm (n=19) significantly larger. After preparation the hearts attached to the MEA culture dishes that were integrated into the MEA system ( Fig. 1) and allowed stable recordings of spontaneous electrical activity 2-4 hours later.
Microscopical inspection revealed slow coordinated peristaltic contraction waves at VEDS with a rhythmical beating frequency of 2.3±0.2 Hz (n=10). At EDS fast atrial triggered contractions of the ventricles could be detected with a frequency of 2.2±0.1 ms (n=19; p>0.05). When paralleled by electrical signals recorded with the MEA system basal heart rates were 2.3±0.2 Hz at VEDS (n=10) and 2.3±0.1 Hz at EDS (n=19, p>0.05) indicating that each electrical signal led to a mechanical contraction.
MEA recordings at VEDS only showed one single, QRS-complex-like, FP spike every heartbeat ( Fig. 2A) whereas at EDS the recorded FPs displayed two different spikes, one P-wave-like and one QRS-complex-like, with an apparent delay of 84.8±8.6 ms (Fig. 1B, C , Table 2 ). The P-wave-like spike showed the highest amplitude at electrodes covered with atrial tissue whereas the QRS-like-spike had highest amplitudes at electrodes covered with ventricular tissue (Fig. 2C) . During the developmental process of embryonic hearts the first sign of a P-wave-like signal could be detected from the developmental stage E9.0 on, when the heart still looks like a tube (Fig. 2) . Original traces of hearts that were not electrically stimulated. Representative ECGs derived from an E8.5 heart (A), E9.0 heart (B) and E10.5 heart (C). In (C) the upper panel was derived from an electrode that was covered by atrial tissue and the lower panel from an electrode that was covered with ventricular tissue. (A= atrial signal, V= ventricular signal). Note that AV conduction was prolonged by almost 50% in E10.5 as compared to E9.0 hearts. Table 2 . ECG parameters of E8.5 as compared to E10.5 hearts. There was only one potential detected in E8.5 hearts. QRS was significant shorter and T wave significantly prolonged in E10.5. Data are displayed as means±sem. Table 3 . ECG parameters during atrial stimulation of E10.5 hearts at different frequencies. Note the significant prolongation of the AV-conduction with rising stimulation frequencies. As in humans we found a frequency-dependent shortening of the T-wave. Data are displayed as means±sem.
At VEDS neither the QRS-complex nor the T-wave length showed an apparent correlation with the spontaneous beating frequency. Likewise, at EDS, no correlation of the P-wave and the QRS width with heart rate were found. Also the AV-conduction-time of EDS-derived hearts did not correlate with the heart rate. However, the T-wave became shorter at higher spontaneous beating frequencies (correlation coefficient = -0.74).
Statistical comparison of the ECG-parameters showed a significantly prolonged QRS complex in VEDS hearts as compared to EDS hearts (14.5±1.9 ms versus 9.4±0.6 ms; p=0.004) and a significantly shorter T-wave for VEDS than for EDS hearts (83.9±3.8 ms versus 131.0±6.1 ms; p<0.001).
Electrophysiological study of murine embryonic hearts
For further investigation of the AV-conduction a special pacing procedure was established using novel midget-stimulation electrodes with an inter-lead distance of 50-100 µm. This procedure allowed to determine standard ECG parameters under atrial or ventricular pacing and to search for pathophysiological findings, such as the Wenckebach phenomenon. As MEA measurements of VEDS hearts only showed one single spike that did not allow to measure the AV-conduction time, electrical pacing was only performed in EDS hearts. Atrial pacing with anterograde conduction to the ventricles (AV) as well as ventricular stimulation with retrograde (VA) conduction to the atria was performed (Fig. 3) . Notably, atrial stimulation did not alter the QRS-complex and T-wave morphology indicating that only the trigger of the heart beat was changed and the main conduction pathway left unaffected (Fig. 1F) . Moreover, although the AV-conduction was temporarily prolonged under stimulation, the ECG-parameters completely recovered to baseline when the stimulation ended (Fig. 1F, Table 1 ). The comparison of ECG-parameters during electrical pacing via right or left atrium did not show significant differences (data not shown). Hence, electrophysiological studies of the early murine embryonic heart are possible and safe. 
ECG parameters during atrial and ventricular stimulation
The range of stimulation frequencies that were accepted by most of the hearts (93.2 %) during atrial and ventricular pacing (Fig. 3 ) was 2.5-3Hz, no matter whether anterograde or retrograde stimulation was applied. In contrast, electrical pacing with frequencies of 3.5 Hz and above was only accepted sporadically (29.6 %). Tables 3 and 4 show the statistical analysis of the ECG parameters during anterograde and retrograde stimulation. The striking observation was that anterograde stimulation with increasing stimulation frequencies evoked a distinct prolongation of the AV-conduction time (Table 3, Fig. 3 ). The escalation of the frequency from 1.5 Hz to 2 Hz did not reveal a significant change (74.9±12.8 ms versus 85.2±11.1 ms; p=0.062) but a change from to 2.5 Hz and 3 Hz led to a significant prolongation of the AV-conduction time to 89.7±6.9 ms (p=0.031) and 101.2±9.5 ms (p=0.003), respectively. As consequence pacing frequencies of 3 Hz and above were only accepted rarely and led to the Wenckebach phenomenon (Fig. 3A) .
When during retrograde stimulation heart rate was increased from 2 Hz to 2.5 Hz and to 3 Hz a distinct prolongation of the VA-conduction time from 70.1±0.9 ms at 2 Hz to 75.6±3.0 at 2.5 Hz and to 87.2±8.6 ms at 3 Hz was observed. Specialization of the AV-conduction pathway was indicated by significant faster AV than VA conduction at 2.5 Hz (56.6±1.3 ms versus 73.1±2.3 ms; p=0.043) (Fig. 3C and Table 5 ). By contrast, the T-wave showed a trend to become shorter at higher anterograde and retrograde pacing frequencies (Table 3, 4). The P-wave and the QRS-complex did not undergo remarkable changes during the stimulation procedure, neither during atrial nor ventricular pacing.
Discussion
In the present paper we performed electrophysiological studies in early murine embryonic hearts. Using the high-resolution MEA system, we studied spontaneous and electrically triggered heart activity. We observed (i) monophasic ECG-like recordings already at VEDS, presence of a P-wave, AV-and VA-conduction, QRS complex and a T-wave at EDS, (ii) occurrence of atrial P-wave-like signals prior to morphological separation of atria and ventricles, (iii) significant prolongation of the AV-conduction at higher pacing frequencies and (iv) typical AV-conduction blocks such as the Wenckebach penomenon.
At E8.0 a peristaltic blood flow and high blood viscosity allow coordinated blood flow despite the lack of heart valves and chambers [8, 19] . Our most surprising finding was, that although it is generally accepted that atria and ventricles separate morphologically around day E10.5 in mice, we observed electrical separation already at day E9.0. In line with studies about the development of the ECG in chick embryos our studies showed that the development of the adult-like ECG with a P-wave and QRS-complex emerges from a single field potential [20] . In morphological studies [21] and through analysis of lacZ expression in transgenic mice [22] first specialized cells of the AV-conduction pathway could be visualized around E8.5-E9.5 in the AV-channel that connects atria and ventricles of the developing heart. Our results show, that these specialized cells are already functionally active and delay the AV-conduction even at very early stages of cardiac conduction system development probably due to a lower level of gap junctions [23] . From a physiological point of view the slow impulse propagation is crucial because the embryonic heart is not yet equipped with heart valves [19] .
The newly developed electrophysiological study system allowed ECG-like recordings already at the earliest stages of cardiac development, VEDS, a stage at which the heart measures below 1 mm. VEDS and EDS hearts established a stable beating over days in culture. In line with data from human hearts, we found all typical ECG parameters at EDS, i.e. P-wave and QRS complex with a distinct AV conduction time, and T-wave. Interestingly, we found a typical T-wave that is not known from adult mice [24] . Changes of ion channel expression, such as significant increase of Na + and K + channel density during heart development [25] , as 
